1. Introduction {#sec1}
===============

Since artificial bone implants had been developed from decades ago, researchers have made great efforts to design novel biomaterials because these materials can be widely used in fractures fixation, dental implant and orthopedics surgery \[[@bib1]\]. Implant-associated infections (IAIs) that often occur in bone implant surgery or later period therapy is a serious complication, which makes patients anguished and demands repeated surgery with costly treatment \[[@bib2]\]. The reason of IAIs occurred was the failed internal fixation or the formation of highly resistant biofilm after infection, which makes it difficult to achieve effective antibiotic concentration in local tissues of the lesion \[[@bib3],[@bib4]\]. Thus, optimal methods for the prophylaxis may be taken into account. One strategy is to design artificial materials that contain components to destruct biofilm; the other way is to develop engineered surface with anti-infective and immuno-enhancement properties.

Photothermal therapy (PTT) or photodynamic therapy (PDT) performed by near-infrared (NIR) light \[[@bib5]\], has been attracting many researchers due to their potential antibacterial performance. In addition, these two kinds of treatments exhibit excellent performance for their strong penetration to human body and the fewer side effects. For killing bacteria, PTT (808 nm NIR) requires photothermal agents to transform optical energy into local heat \[[@bib6]\]. Several explored materials have been utilized in antibacterial applications, such as some noble metal nanoparticles, semiconductor nanorods, and other organic compounds. The primary problem to overcome is that the antibacterial efficacy can reach over 90% only in the condition of around 85 °C. However, this quite excessive temperature can disrupt nature tissues and lead to other diseases or problems \[[@bib7],[@bib8]\]. A mass of works have confirmed that reactive oxygen species (ROS) such as ^1^O~2~ can kill bacteria by destroying its protein or DNA \[[@bib9], [@bib10], [@bib11]\]. By combining photosensitizer, a relevant light can stimulate material to produce ROS and kill bacteria. However, the hypoxic environment will limit the PDT efficiency *in vivo* due to the lower ROS yields, which is a great challenge for PDT in the future \[[@bib12],[@bib13]\].

Phosphorus is a vital element containing in the human body, occupying 1% of the total body weight. Recent study disclosed that as an allotrope of phosphorus, red phosphorus (RP) has been proved to be nontoxic even long-term existence in human body because the degradation of RP is biocompatible \[[@bib14]\]. Moreover, RP is much cheaper than black phosphorus \[[@bib14],[@bib15]\].

In this paper, we reported that a Ti-RP-IR780-RGDC bone implant shows good biostability and biocompatibility with excellent antibacterial property under NIR irradiation. With the synergistically effect of photothermal effect at a low temperature of 50 °C by RP and ROS produced by IR780 using 808 nm laser, the biofilm could be eradicated *in vivo*. In addiction, the osteogenic ability could be enhanced by RGDC, which makes it possible to apply in clinical orthopedics.

2. Experimental {#sec2}
===============

2.1. Materials preparation {#sec2.1}
--------------------------

Medical-grade pure Ti plates (6 mm diameter, 2 mm thick) and rods (2 mm diameter, 6 mm thick) were purchased from Fu-Tai Metal Materials Co. (China). Red phosphorus (RP) was purchased from Sinopharm Chemical Reagent Co. (China), IR780 was purchased from Sigma-Aldrich (USA), and RGDC peptide was purchased from GL Biochem (Shanghai) Ltd.

RP is a material with amorphous structure, IR780 functions as a photosensitizer to generate ROS and RGDC is a peptide which works for promoting osteogenesis.

Medical-grade pure Ti with a diameter of 6 mm and a thickness of 2 mm was used for the substrates. The plates were treated with polishing beforehand and then cleaned in mixture of organic solvents by a ultrasonic cleaner to remove contaminants.

To remove the impurity from the surface of RP, 6 g of commercial RP was added into 40 mL H~2~O and hydrothermally treated in an autoclave at a temperature of 200 °C for a whole night. After that, the reactor was cooled until it turned to room temperature, and the treated RP was washed several times with water and then stoved for further use.

The processed RP powders were placed tidily in a porcelain box, and Ti plates were placed in a tube furnace followed. The tube furnace was inflated with Ar gas, then, the heating temperature parameters was set and kept at the temperature of 650 °C for 5 h and 350 °C for 2 h, respectively. By the end of the reaction, the tube furnace was chilled naturally to room temperature. The product was stored in an argon atmosphere.

As a final step, first, 10 μL of a dichloromethane solution of IR780 (0.02 mg/mL) was dripped onto the surface of the Ti-RP plates then dried. To obtain polydopamine (PDA) modified Ti-RP-IR780, the samples of Ti-RP-IR780 were soaked in dopamine hydrochloride in Tris-HCl buffer (pH 8.5) for a day at 25 °C. The samples were washed by deionized water and dried. Then, the samples were immersed in a 2 mg/mL RGDC peptide in PBS (pH 7.4) for 24 h at room temperature. The excess RGDC was wiped off by deionized water, finally, the target product of Ti-RP-IR780-RGD was obtained after drying in vacuo \[[@bib15]\].

2.2. Structure characterization {#sec2.2}
-------------------------------

The surface morphologies of Ti-RP were examined by scanning electronic microscopy (SEM, JSM-6510LV, JEOL, Japan). Transmission electron microscopy (TEM) images of RP were obtained using a Tecnai G20 transmission electron microscope (USA).

2.3. Detection of ROS {#sec2.3}
---------------------

The generation of ROS from the IR780 could be evaluated by microplate reader (SpectraMax i3, Molecular Devices). (1,3-diphenylisobenzofuran) DPBF was used as a ROS detector to measure the ROS produced from Ti, Ti-RP (50 °C), Ti-RP-IR780-RGDC (25 °C) and Ti-RP-IR780-RGDC (50 °C), then these four groups were illuminated by the 808 nm laser in a proper intensity for 60 s (recorded every 10 s for 6 times).

2.4. Evaluation of the photothermal performance of Ti-RP-IR780-RGDC *in vivo* {#sec2.4}
-----------------------------------------------------------------------------

To determine the thermal conversion efficiency that Ti-RP-IR780-RGDC contained, then the samples soaked in DI H~2~O were irradiated under 808 nm laser light with a intensity of 0.5 W/cm^2^. The temperature was recorded by an thermal imager (FLIR Systems Inc, USA, MSX Resolution: 320 × 240; thermal sensitivity: \<0.05 °C; temperature range: −20 to 650 °C; accuracy: ±2 °C) every 10 s.

2.5. *In vivo* assay of animal bone-implantation {#sec2.5}
------------------------------------------------

All of the experiments to the animals were obtained permission from the Hubei Provincial Centers for Disease Prevention & Control. Some adult male white rats weighing around 450 g were used in the experiments. The rats were arranged into two groups: Ti and Ti-RP-IR780-RGDC. These rats were anaesthetized with chloral hydrate (10%, 4 mL/kg) prior before surgery and placed on sterile gauzes during surgery. The two groups of rats were implanted into the tibia closed to the knee joint and labeled. After implantation, the incision was sutured charily. After the surgery, the rats were located into individual cages and raised under the same condition. After two days, the two squads were treated by the 808 nm laser (0.5 W/cm^2^). After 14 days, the rats were euthanized with excess chloral hydrate.

2.6. Spread plate analysis {#sec2.6}
--------------------------

To identify the growth of bacteria *in vivo*, the rods of two groups were removed from the shank and rolled on culture medium and then placed at a temperature of 37 °C for one day to observe the growth of the bacterial colonies.

2.7. Histological analysis {#sec2.7}
--------------------------

The soft tissue and bone around the implants were treated in paraformaldehyde and cleaned by EDTA. The infectious soft tissues around the implants were cut and immersed in a formaldehyde solution at a refrigerating layer for 3 days, then washed with PBS, and finally infiltrated with ethanol. Then, hematoxylin and eosin (H ＆ E) and Van Gieson\'s picro fuchsin staining was performed after a month. The images were captured on a fluorescence microscope (IFM, Olympus, IX73).

2.8. Micro-CT evaluation {#sec2.8}
------------------------

Four weeks after surgery, the tibias from each group were taken into 2D scanning in a computed tomography (CT, SkyScan 1176), system with a scanning time of 300 ms (60 kV and 400 μA). The 2D high-resolution reconstructed images were obtained from the software provided by the CT manufacturer.

2.9. Static analysis {#sec2.9}
--------------------

Every test was evaluated as mean values ± standard deviation of several independent measurements. A one-way analysis of variance (ANOVA) program and a student t-test was accepted to estimate the statistical significance of the variance. The values of \*\*P \< 0.01 were regarded as statistically significance.

3. Results and discussion {#sec3}
=========================

3.1. Surface and microstructure characterization {#sec3.1}
------------------------------------------------

SEM images disclosed the surface morphologies of the RP film on the Ti plate ([Fig. 1](#fig1){ref-type="fig"}c). Obviously, the Ti-RP showed the structure of uniform polyhedra. The TEM images of the RP separated from Ti-RP was shown in [Fig. 1](#fig1){ref-type="fig"}d. The parallel lattice fringes of the (400) facets with a d-spacing of 2.76 Å were emerged clearly, which confirmed that there was a fibrous red phosphorus coating created on the substrate \[[@bib15]\].Fig. 1The chemical formula of (a) IR780, and (b) RGDC, (c) SEM images of Ti-RP. (d) TEM image of RP separated from Ti-RP, the scale bar fixed with 200 nm and 5 nm, respectively.Fig. 1

3.2. ROS monitor and analysis {#sec3.2}
-----------------------------

[Fig. 2](#fig2){ref-type="fig"}a shows the ROS-generating curve of Ti, Ti-RP (50 °C), Ti-RP-IR780-RGDC (25 °C), and Ti-RP-IR780-RGDC (50 °C) with irradiation by 808 nm laser. The absorbance of DPBF in Ti-RP-IR780-RGDC (25 °C) and Ti-RP-IR780-RGDC (50 °C) were quite similar. Both groups were notably lower than that of the Ti and Ti-RP (50 °C) groups, proving that the ROS could be triggered by the additive IR780, and whether at the temperature of 50 °C or 25 °C had little obviously influence on the photosensitizer of IR780.Fig. 2(a) ROS detection of Ti, Ti-RP(50 °C), Ti-RP-IR780-RGDC(25 °C), Ti-RP-IR780-RGDC(50 °C). (b) Cycle heating curve of Ti-RP-IR780-RGDC.Fig. 2

3.3. Photothermal properties of Ti-RP-IR780-RGDC {#sec3.3}
------------------------------------------------

The 808 nm laser is considered as one of the best suitable NIR wavelengths for PTT due to its high depth of skin penetration and low absorbance by the tissues in body. As demonstrated in [Fig. 2](#fig2){ref-type="fig"}b, under the laser irradiation, the temperature risen to 120 °C in 80 s and descended to 30 °C within 120 s for the first cycle, and the data exhibited similarly in the second and third cycle. As reported previously \[[@bib15]\], there was no photothermal quality in IR780 or RGDC, therefore it could be indicated that RP was an efficient photothermal material and could provide a condition for utilizing in PTT.

3.4. *In vivo* antibacterial ability {#sec3.4}
------------------------------------

The growth of bacteria was shown in [Fig. 3](#fig3){ref-type="fig"}a, only a little bacterial colonies can be viewed on the plate in the group of modification. For comparison, the bacterial colonies in Ti+light group were rather countless. From the consequence exhibited in culture medium, it indicated that the antibacterial activity of Ti-RP-IR780-RGDC+Light is much better than the group of Ti+Light.Fig. 3(a) Photograph of bacteria colonies and culture mediums of Ti+Light and Ti-RP-IR780-RGDC+Light rods taken from rats. (b,c) H&E staining images show tissue infection degree of rats treated by samples.Fig. 3

In addition, to further study the tissues, H&E staining was used. The results were obtained by H ＆ E staining shown in [Fig. 3](#fig3){ref-type="fig"}b--c. By comparing the number of inflammatory cells, the Ti+light group shows abundant while the Ti-RP-IR780-RGDC+light group appears little, which indicated that Ti-RP-IR780-RGDC+Light implantation had no obvious infection *in vivo*.

3.5. Histopathological and Micro-CT evaluation {#sec3.5}
----------------------------------------------

The newly formed bone was stained by Van Gieson\'s picro fuchsin and examined by Micro-CT. In the image of tibia section ([Fig. 4](#fig4){ref-type="fig"}a), it exhibited different growing states of the area of new bone formation (highlights in red rectangles). Consequently, it can be drawn a conclusion that the new bone volume of Ti-RP-IR780-RGDC+Light group is more than that in Ti+light group and there is no bacterial infection occurred on the newly formed bone. From [Fig. 4](#fig4){ref-type="fig"}b, the percentage of new bone area around Ti+light group is only 26.8 ± 2.51%, while the corresponding value is 85.5 ± 2.1% (p ˂ 0.01) in the group of Ti-RP-IR780-RGDC+Light. In addition, the typical reconstructed central coronal sections of the implants by Micro-CT were displayed in [Fig. 4](#fig4){ref-type="fig"}c, and the new bone area was marked by green rectangles. According to the image, the bone volume around Ti-RP-IR780-RGDC+Light was bigger than that around Ti+light sample. Comparing the Ti+light and Ti-RP-IR780-RGDC+Light groups, the new bone formed a bridge connecting both sides of the medullary cavity on latter groups, which confirmed that Ti-RP-IR780-RGDC was turned out to be an effective material in promoting osteogenesis.Fig. 4(a) Histological characteristics at the Bone-implant interfaces stained with Van Gieson\'s picro fuchsin (scale bars = 500 μm); (b) Percentage of new bone area (\*\*P \< 0.01); (c) Micro-CT images of the coronal sections.Fig. 4

4. Conclusion {#sec4}
=============

A facile fabrication of Ti-RP-IR780-RGDC was described, and RP was proven to be a high-performance photothermal coating using in PTT. Also, the IR780 functions to generate ROS which shows great synergistic action to kill bacteria with combination of PTT. Furthermore, the existence of RGDC makes it possible to accelerate the osteogenesis. As the data shows, the Ti-RP-IR780-RGDC is not only confirmed to have good biostability and biocompatibility, but also shows high antibiofilm property. Furthermore, it also reveals an excellent osteogenic performance under irradiation of 808 nm laser. This bone implant with antibiofilm and osteogenic properties provides an avenue to the application of clinical orthopedics.
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